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Available online 19 September 2016AbstractRecent high-precision isotope analysis data could be used to revisit the hypothetical past occurrence of a geo-reactor. Specific noble gas
isotope signatures that could be generated by binary and ternary fissions were identified in volcano emanations or as soluble/associated species in
crystalline rocks and semi-quantitatively quantified as isotopic ratio or estimated amounts. Presently if it would have been hypothetically stated
that according to the actinide inventory on the Earth, local potential criticality of the geo-system, if locally concentrated, may have been reached,
several questions remain such as why, where and when did any geo-reactor have been operational? Even if the hypothesis of a geo-reactor
operation in the proto-Earth period would have been plausible, it is likely that a geo-reactor is not operating today. This has been recently
tested by reconstructing the occurrence of actinides by antineutrino detection and tomography through the Earth.
The present paper focuses on the geo-reactor hypothetical conditions including history, spatial extension and regimes. The discussion based
on recent calculations involves investigations on the limits in term of fissile inventory, size and power, based on coupling of geochemical re-
actions and stratification through the gravitational field considering behavior through the inner mantle, the boundary with the core and the core.
The reconstruction allows to formulating that from the history point of view it would have been possible that the geo-reactor reached criticality
in a proto-Earth period as a reactor triggered by 235-uranium and that thorium may have worked as an absorber if the actinide concentration was
locally large enough. Without actinide separation the initiation of the criticality is unlikely. However did the segregation of actinides occur in any
Earth layer?
Copyright © 2016, Guangzhou Institute of Geochemistry. Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In his lectures on Earth geological age Lord Kelvin
(Thomson, 1868) estimated by calculations that the birth of
Earth took place around 100 million years ago. For this first
estimation the Earth was assumed to be originally formed of a
completely molten object following the idea of Leibniz
(1691). Kelvin determined the time it would take for the* Corresponding author. ChiAM & ISE, Department Chemistry, University
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ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).near-surface to cool to its present temperature. Calculations
did not account for heat produced via convection, radioactive
decay or a natural geo-reactor inside the Earth. Since then,
natural geo-reactors have been postulated at various locations
in the Earth and discovered within the Earth crust:
 In the crust, based on the nuclear physical stability of the
uranium minerals, Kuroda (1956) reported about potential
fission activities in large uranium deposits in the fifties.
Evidence of early spontaneous chain reactions was finally
discovered in the seventies in the Oklo mine, Gabon
(Neuilly et al., 1972).
 In the Earth core, Herndon (1993) postulated in the late
eighties a nuclear fission reactor at the Earth center as thed hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
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dial fissile inventory of uranium. The principal process is
the settling of heavy elements and uranium through the
Earth core toward its center. Herndon's theory encom-
passes the 3He abundance in volcanoes fumes and in
meteoritic items and heat flow of 5e3 TW. The initial
work has been completed by a first neutronic study
(Hollenbach and Herndon, 2001) focused on the uranium
isotopes.
 More recently, occurrence of geo-reactors in the core-
mantle boundary (CMB) has been suggested by de
Meijer and van Westrenen (2008) who completed the
fissile inventory with primordial plutonium taking into
account xenon isotope abundances.
The aim of the present study is to revisit the concept of
geo-reactor considering the physical chemical conditions
induced and occurring at the CMB and in the core by hypo-
thetical actinide (An) stratification. The study also completes
the picture by considering thorium as a potential fertile
element, taking into account all fissile actinides and their
breeding in the geo-reactor. The potential geo-reactor power
expressed in TW is compared with the other heat flux densities
and Earth heat source data.
2. Argumentation supporting the occurrence of the geo-
reactor
The purpose of this section is to review the conditions and
hypothesis that could build the potential evidence of one or
several geo-reactor(s) in the Earth body.2.1. Fissile and fertile material inventoryActinide isotopes have been generated intensively by
nuclide genesis in pulsars and neutron stars: via coupled re-
actions including neutron absorption and beta decay such asTable 1
Actinide isotope inventory (mass M and isotopic fraction F ) today (t ¼ 4.5 Ga
i.e. 4.5  109 a) and in the early proto-Earth period (t ¼ 0).
t (Ga) 232Th 233U 235U 238U 244Pu Total
t1/2 (Ga) 14.5 0.16 0.70 4.47 0.08
M (1017 kg) 4.5 3.15 5.87  103 0.8 3.95
F (%) 100 e 0.73 99.27 e
M (1017 kg) 0 3.94 e 0.52 1.62 0.012 6.07
F (%) 100 e 24.3 75 100This production took place in individual events, like
supernovae, neutron star mergers or jets from fast rotating core
collapsed supernovae with high magnetic fields. This then
would have to be integrated over a specific volume of the
interstellar medium in which our Sun and consequently Earth
reside. Regular supernovae did probably not make the heavy
nucleosynthesis. The other two options make a factor of 100
more per event, but they also are sparser in time, permitting
longer decay times between events (Thieleman et al., 2007).
The total of nuclide synthesis from A ¼ 90 (Th) to 94 (Pu)
would have to be of the order of 104 solar masses for a su-
pernova every 100 years and 102 solar masses for a neutron
star merger every 104 years.The star dust and objects produced during these geneses
were consequently doped with primordial actinide isotopes.
During its formation, the Earth collected these objects together
with actinides generated by reaction {1}.
The present (t ¼ 4.5 Ga) actinide isotope inventory may be
evaluated by extrapolation, for the whole core, of the actinide
concentrations found in specific meteorites such as those
originating from the Earth core expulsion during cataclysmic
even in the proto-Earth period, or component of the pre-proto-
Earth period (t ¼ 0 Ga). On the basis of U and Th analysis in
Abee enstatite chondrite including mainly oldhamite (CaS),
niningerite (MgS) and (FeeNi silicide), reflecting the core
extremely reducing conditions, it is possible to reconstruct
their present Earth inventory, hence their inventory during the
proto-Earth period.
The total uranium inventory of the Earth would amount to
approximately 9  1016 kg, of which slightly over half is
present in the crust (with an average concentration of ~2 ppm
e.g. IAEA, 2003). Uranium concentrations in the upper mantle
are also fairly well constrained, and are around 20 ppb (20 ± 8
(2s) ng g1 of U in the bulk silicate Earth). This leaves a
maximum of about 3  1016 kg of uranium for the lower
mantle and the core, while Herndon, 1998, assumes a total
mass of U in the core and lower mantle of just over
1  1016 kg. The whole mantle would have a U-concentration
of ~10 ppb if this uranium is partitioned into the mantle, as is
commonly believed on account of its lithophile character. If,
however, the uranium of the endo-Earth, would be very effi-
ciently partitioned into the core, its average uranium concen-
tration could reach a theoretical maximum of 15 ppb (1e6 ppb
according to Malavergne et al., 2005).
However the question is: can a mechanism be conceived to
concentrate part of it in pure uranium blobs of >100 kg, which
could act as fast breeder reactors as suggested by Herndon
(1998)?
The original actinide isotope inventory (N0) occurring
during the proto-Earth period (t0 ¼ 0 Ga) using the decay lawN ¼ N0 expð  ltÞ ð1Þ
with N today inventory, the decay constant: l ¼ ln 2/t1/2 and
the half live (t1/2) of the isotopes is given in Table 1. The
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widely differ from today values, suggesting enrichments of the
same level of today research reactor fuel. The comparison of
the element concentration shows that the Si again U concen-
tration ratio is 108.2.2. Helium isotope ratioHelium is the lightest inert gas. It can be found in the Earth
environment as an inactive tracer that can be studied for its
two stable isotopes 3He and 4He. Helium isotopes were
already present prior to Earth formation. The 4He has been
generated during actinide radioactive decays while 3He was
produced during actinide fuel burn-up. The actinide (An) de-
cays generate 4He according to:
During geo-reactor operation, actinide triple fissions
generate tritium (3H) by reactions such as:
235Uþ 1n/92Krþ 141Csþ 3Hþ 21n f3g
3H decays according to
3H/3Heþ b þ 1 ne f4g
The analysis results of the helium isotope ratio (3He/4He) in
samples from geological environment were interpreted
(Herndon, 2003) to provide evidences of a potential geo-
reactor, accounting tritium generation by triple fission. The
analysis of the 3He/4He ratio (1.37  106 in air) from helium
traces in volcanic basalt originating from the Earth shows that
about 9 times as much 4He from radioactive decay had to have
been mixed with the assumed primordial 3He in such a way as
to give a rather narrow range of air relative ratio, going from 6
to 12. Hendron mentions that an increase in the 3He/4He ratio
may be a consequence of the decrease in 4He from radioactive
decay as the uranium fuel is consumed by nuclear fission.
High 3He/4He ratios, some as high as 37 relative to air, are
observed in Hawaiian and Icelandic basalts, which has often0
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Fig. 1. Actinide isotope decay after the pbeen interpreted as evidence for fission processes that occurred
in the inner Earth layers.
However, to understand the processes governing the evo-
lution of terrestrial He, all hypothesis should be discussed. As
an example, presence of part of 3He in the basalts and mete-
orites may also be claimed as pristine or result of solar wind
interaction in the studied specimens. The 3He nuclide is also
thought to be a natural nucleogenic and cosmogenic, produced
when lithium is bombarded by natural neutrons. Those are
released by spontaneous fission and by nuclear reactions with
cosmic rays. Finally, 3He is also a primordial isotope in the
Earth's mantle, considered to have been entrapped within the
Earth during planetary formation. An assessment of the phe-
nomena responsible of the He ratio difference is needed.2.3. Xenon isotope abundancesXenon is a noble gas whose inertness makes it also a non-
reactive tracer. It is produced by various processes in the
planetary environment. The Xe isotope abundance pattern is a
relevant indicator of binary fission e.g.:
235Uþ 1n/99Srþ 135Xeþ 21n f4g
yielding heavy Xe isotopes. In air Xe isotopes are marked by
129Xe generated by:
129I/129Xeþ b þ 1ne f5g
with 129I generated by spontaneous fission of 235U. Fig. 2
compares the experimental Xe data for air, chondrite (as
Mantel mix), a hypothetical 5 TW geo-reactor (fast, as
calculated) and light water reactor (thermal, as measured
Ref. Horvath et al., 2007) nuclear spent fuel. In chondrite, Xe
data were reported together with fission production
(1.06  1015 kg) of Xe isotopes for a 5 TW geo-reactor. The
spent fuel Xe data were obtained for a UO2 fuel after
64 GW d t1 burn-up, corresponding to a power delivery of
1.4 TW.3 4 5
232Th
235U
238U
roto-Earth period (data see Table 1).
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Fig. 2. Comparison of the experimental Xe data with the data calculated for a geo-reactor. for mantel mix, fission production (1.06  1015 kg) of Xe isotopes
for 5 TW,- Spent fuel after 64 MW d kg1 corresponding to 1.4 TW. The fraction for 130Xe is not reported because its data are not included in the data base.
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the evolution of terrestrial gas species (such as Xe isotopes)
must be understood. The constraints from 244Pue238Ue129
Ie129Xee systematic are crucial and should be included in
any model related to gas loss/gain by the Earth and to gas
redistribution among terrestrial reservoirs (Tolstikhin et al.,
2014). Reliable constraints can be derived from meteoritic
and terrestrial abundances of the highly refractory lithophile
parent isotopes 244Pu and 238U (see Table 1). Both isotopes
produce heavy Xe isotopes by fission; different relative yields
for the Xe isotopes allow contributions of Xe(Pu) and Xe(U)
to be distinguished. However, the primordial amount of Pu is
anticipated to be very small compared to U. Several recent
mantle evolution models (based on Ue The He and Ke Ar
isotope systematics) postulate a low overall degassing of the
Earth and are inconsistent with these results from mantle
xenology. An assessment of the phenomena responsible of the
Xe ratio is also needed.2.4. Geomagnetic effectThe geomagnetic pole changes position gradually, which
requires energy. The North Magnetic Pole has recently moved
at a rapid rate toward Siberia. These observations are taken by
some as a possible indication of a forth-coming magnetic
reversal. Herndon (2007) suggested that intermittent disrup-
tions of the stability of geo-reactor may lead to geomagnetic
field variation and possibly a magnetic reversal.
Attempts to solve the full mathematical complexities of
magneto-hydrodynamics succeeded for the first time in 1995
(Glatzmaier and Roberts, 1995). Plausible theories involve
generation of the geomagnetic field within the fluid outer core
of the Earth by some form of magneto-hydrodynamic dynamo.
However, unlike the field of a bar magnet, Earth's field
changes over time because it is generated by the motion of
molten iron alloys in the Earth's outer core (geodynamo).
These reversals of the geomagnetic poles leave records in
rocks that allow paleo-magnetic traces to track past motions of
continents and ocean floors as a result of plate tectonics.The motion of the fluid is sustained by convection driven
by buoyancy. The temperature increases towards the center
of the Earth, and the higher temperature of the fluid lower
down makes it buoyant. This buoyancy is enhanced by
chemical separation: as the core cools, some of the molten
iron may solidify locally onto the inner core. In the process,
lighter elements are left behind in the fluid, making it lighter.
This is called compositional convection. A Coriolis effect
caused by the overall planetary rotation, tends to organize
the flow into rolls aligned along the North-South polar axis
(Buffett, 2000).
However, global NortheSouth anisotropy has been re-
ported. There are also two enigmatic seismological observa-
tions related to the Earth's inner core: asymmetry between its
Eastern and Western hemispheres and the presence of a layer
of reduced seismic velocity at the base of the outer core
(Alboussiere et al., 2010). This 250-km-thick layer has been
interpreted as a stably stratified region of reduced composition
in light elements. This layer can be generated by simultaneous
crystallization and melting at the surface of the inner core, and
that a translational mode of thermal convection in the inner
core can produce enough melting and crystallization on each
hemisphere respectively for the dense layer to develop. The
present translation rate is found to be typically 100 million
years for the inner core to be entirely renewed, which is one to
two orders of magnitude faster than the growth rate of the
inner core's radius. The resulting strong asymmetry of buoy-
ancy flux caused by light elements is anticipated to have an
impact on the dynamics of the outer core and on the geo-
dynamo.
Finally, large impacts could affect mantle dynamics and the
core dynamo of small terrestrial planets (Arkani-Hamed and
Ghods, 2011). Impact heating is determined using a foun-
dering model. The impacts that created the largest basins on
the planets triggered vigorous mantle convection. The impacts
crippled the core dynamos of the planets for some Ma.
However if early activities of a geo-reactor would be antici-
pated in the proto-Earth period, it is unlikely that its activity (if
any) today would yield geomagnetic effects.
53C. Degueldre, C. Fiorina / Solid Earth Sciences 1 (2016) 49e632.5. AntineutrinoFig. 3. Earth gravity acceleration. Density models: constant , linear ,
PREM (as Fig. 4).A geo-reactor should generate an antineutrino flux indi-
rectly after binary or ternary fission reaction e.g.:
235Uþ 1n/92Krþ 141Baþ 31n f5g
by prompt beta decays and antineutrino emission, such as:
141Ba/141Laþ b þ ne f6g
These antineutrinos are of rather high energy and found
between 2 and 10 MeV e.g. (Ref. Hayes et al., 2014).
Other geo-antineutrinos are produced by actinides decay
reactions such as:
234Th/234Paþ b þ ne f7g
These lower energy antineutrinos can be detected and
discriminated from the higher energy antineutrino generated
by a reactor (Bellini et al., 2013).
A liquid scintillator antineutrino detector is sensitive to the
antineutrino event spectrum from nuclear reactors in both the
energy domain and the time domain. By using available
monthly-binned data on reactor power plants around, an upper
limit on a geo-reactor power may be estimated (Cao, 2012).
However, antineutrino measurements have not refuted
(until recently) the existence of the geo-reactor. They did set
an upper limit of 3 TW on its power production (e.g. Dye,
2009).
The Kamioka liquid scintillator anti-neutrino detector
(KamLAND) has been used to set this limit. It is sensitive to
the neutrino event spectrum from (mainly Japanese) nuclear
reactors in both the energy domain and the time domain. By
using available monthly-binned data on event-by-event en-
ergies in KamLAND and on reactor powers in Japan, a like-
lihood analysis of the neutrino event spectra in energy and
time has been performed to give significant indications that
variations of antineutrino flux are related to the known reactor
sources, as compared with the hypothetical case of constant
geo-reactor neutrino flux. The KamLAND limits on the power
of a speculative nuclear geo-reactor are strengthened by
including solar neutrino constraints on the neutrino mass and
mixing parameters. Neutrino spectra in energy and time: In-
dications for reactor power variations and constraints on the
geo-reactor, Ref. Fogli et al. (2005). A complete assessment of
the antineutrino data is needed.
3. Assessment of the geo-reactor physical and chemical
processes
In order to evaluate the geo-reactor build-up mechanism,
both preliminary reference Earth model (PREM) as devel-
oped by Dziewonski and Anderson (1981) and Geochemical
Earth Reference Model (GERM) provided by Staudigel et al.
(1998) may be used together with advanced coupling models.
The geo-reactor build-up requires specific actinide phase
formation with a density difference within the local molten
phases.3.1. Element stratification against mixingIn his basic sciences treaty, Newton (1687) postulated the
gravity law. The gravity acceleration ( g) at a distance r from
the Earth center can be formulated as:
gðrÞ ¼ 4p
3
Gr0rpGðr0  r1Þ
r2
re
ð2Þ
with G the gravity constant, re the Earth radius. This rela-
tionship is adapted for host rock density r, and the density
decreases with radius r(r) ¼ r0  (r0  r1) r/re, with r0 the
density at the center and r1 at the surface. Under these con-
ditions the gravity acceleration can be calculated and plotted
as in Fig. 3 (with the PREM density given in Fig. 4).
Elements may have the tendency to build layers thanks to
gravity. In the core they range from Mg to Ca to Fe above
today's inner core made of Ni. Below no information are
currently available but it can be anticipated that heavier ele-
ments continue to stratify according to their densities. This
idea is acceptable up to a certain radius below which micro-
gravity (e.g. for 10 km radius see Fig. 3) can not balance the
thermal energy driven mixing.
Since the seismic wave resolution is about 30 km, the pe-
riphery of the Earth center cannot be resolved. However, the
Earth's outer core is supposed to be compositionally layered
(Helffrich and Kaneshima, 2013). Exotic mechanisms such as
an original chemically layered core preserved from the Earth's
accretion period are conceivable. Barodiffusion and core-
mantle reaction lead to layers significantly thinner than
observed. A balance of mass transferred from the inner core to
the top of the outer core is possible. The stratification of heavy
element could arise as a byproduct of light element accumu-
lation. For the actinides, the uranium (atomic mass 235 and
238) layer should form a priory below that of thorium (atomic
Fig. 4. Theoretical of density as a function of pressure, as adapted from Ref
(Salpeter and Zapolsky, 1967), estimated US data.
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enough to allow stratification to occur.
However, for low actinide concentrations, a specific pre-
cipitation or co-precipitation mechanism would be required.
Therefore, the chemical composition of the major part of the
Earth has been here reconstructed from the mantle sub-layers
through the core-mantle boundary (CMB) and through the
core.
3.1.1. Situation in the lower mantle
Elemental stratification through the mantle layers is con-
ducted by the equation of state of the major components and
their densities. On the Earth, the 600 km upper mantel layers
cover the MgSiO3 (perovskite) rich lower mantle. The latter is
mostly composed of minerals that can mix in as solid solution
way silicate such as FeSiO3 forming complex perovskite
phases e.g. (Fe,Mg)SiO3 with bivalent cations. These phases
are known to exhibit densities ranging around 3.3 g cm3
while U(SiO4) (coffinite) and similarly Th(SiO4) (thorite/hut-
tonite) have densities around 6 g cm3. As a result of strati-
fication tetravalent actinide silicates (AnSiO4) could enrich
spontaneously at the CMB. However, such as heavy transition
metal silicate e.g. ZrSiO4, the AnSiO4 undergo thermolysis at
high temperature; USiO4 reacts as follow:
USiO4/UO2 þ SiO2 f8g
ThSiO4 reacts similarly.
The melting curves of two compositions of (Mg,Fe)SiO3-
perovskite, show that at 62.5 GPa, the melting temperature is
5000 ± 200 K, independent of composition as reported by Zerr
and Boehier (1993). Extrapolation to the core-mantle bound-
ary pressure of 135 GPa with three different melting relations
yields melting temperatures between 7000 and 8500 K. Thus,
the temperature at the base of the lower mantle, accepted to lie
between 2550 and 2750 K, is only at about one-third of the
melting temperature. The large difference between mantle
temperature and corresponding melting temperature has
several important implications; particularly the temperaturesensitivity of the viscosity is reduced thus allowing large
lateral temperature variations inferred from seismic tomo-
graphic velocity anomalies and systematics found in measured
velocity-density functions. Extensive melting of the lower
mantle can be ruled out throughout the history of the Earth.
However, new shock wave equation of state data for
enstatite and MgSiO3 glass constrain the density change upon
melting of Mg-silicate perovskite up to 200 GPa (Akins et al.,
2004). The melt becomes denser than perovskite near the base
of Earth's lower mantle. This inference is confirmed by shock
temperature data suggesting a negative pressure-temperature
slope along the melting curve at high pressure. Although
melting of Earth's mantle involves multiple phases and
chemical components, this implies that the partial melts
invoked to explain anomalous seismic velocities in the
lowermost mantle may be dynamically stable.
In the lower mantle for the temperature around 3000 K UO2
dissolves in the rather basic (Fe,Mg)SiO3 molten fraction
(below liquidus) as
UO2/U
4þ þ 2O2 f9g
ThO2 also dissolves similarly in the lower mantle vicinity.
Clearly, the pre-concentration mechanism involving UO2
precipitation is unlikely, UO2 being dissolved in the basic
molten MgSiO3. For the present CMB radius of 3650 km, an
actinide upper layer of 3660 km the corresponding actinide
concentration would be 100 ppm actinide. Even if the actinide
layer would be 1 km or 1000 ppm actinide, it would be
impossible to initiate a geo-reactor in the local CMB
conditions.
3.1.2. Situation at the core-mantle boundary
At the CMB thorium and uranium are found in their ionic
form Th4þ and U4þ (or U3þ). At the inter-phase with the liquid
metal core actinide reduction occurs partially because the
electronegativity of iron is smaller that of the actinides.
However, redox reactions may be induced by the occurrence
of an Mg reducing layer. The presence of Mg (or Ca) in the
core upper layers is also the consequence of stratification.
2U4þ þMg0↔Mg2þ þ 2U3þ
2U3þ þMg0↔Mg2þ þ 2U2þ f11g
U2þ þMg0↔Mg2þ þU0
The solubility of U in Fe(l) at 3000 K is about 2 At% and it
increases with the temperature. Consequently, U that occurs at
the ppb concentration level in the mantle can not reach this
concentration after reduction in the upper core. However,
presence of sulfur changes the environment with the produc-
tion of actinide chalcogenides.
Several uranium sulfides are known such as US, U2S3 e
U3S5 (US1þx) and US2 (Grenthe et al., 2005). The US2 - U
mixture reacts at 2200 K to yield US:
½US2 þ½U/US f12g
because the melting point of US2 (1833 K) is much smaller
than that of US (2733 K). US can be produced as large size
Table 2
Indicative density (at T: 300 K and P: 100 kPa) of elements and compounds
involved in the hypothetical stratification process in Earth core.
Element r (g cm3) Compound r (g cm3)
Mg 1.74 MgS 2.68
Ca 1.55 CaS 2.59
Si 2.33
S 1.96
Fe 6.98e7.87 FeS 4.84
Ba 3.51 BaS 4.25
Pb 11.3 PbS 7.46
Th 11.7 ThS 9.56
U 19.05 US 10.87
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why all hyperstoechiometric material US1þx yield US by
decomposition at high temperatures. Even if US reacts with a
more electronegative metal such as Zr it does not react with
Fe(liq) (Yamawaki et al., 1971). US may react with earth-
alkaline monosulfides to yield euthecticum's around 2013 K
with SrS or CaS (Komac et al., 1971). Similarly, thorium may
form ThS e.g. (Shalek, 2006) (TM 2473 K, r 9.56 g cm
3) that
could yield together with US solid solutions (Tetenbaum,
1964).
The redox reactions occurring at the CMB are summarized
on Fig. 5. The reduction of actinide would be driven by the
large amount of reducing reactants however could coupling by
gravity acceleration induce settling and stratification of ura-
nium and thorium toward the Earth center? Recently, in order
to quantify possible fractionation of U into a metallic core,
experiments have been performed at high pressure (up to
20 GPa) and high temperature (up to 2675 K). The distribution
coefficient Dmetesil and the exchange partition coefficient
Kametesil for the element between metal (met) and silicates
(sil), mineral or liquid, were obtained by (Malavergne et al.,
2007). DUmetesil depends strongly on the S content of the
metallic phase, and also on the oxygen fugacity, in agreement
with an effective valence state of 4 (or 3) for U in silicates in
silicates. KUdmetesil shows no discernable pressure and tem-
perature trend. U remains lithophile even at high pressure and
high temperature but as expected its lithophile nature de-
creases at very low oxygen fugacity. From experimental data,
the U contents of the core under core-mantle equilibrium
conditions are 0.3<Ucore < 630 ppt, depending on whether
the metal is S-free or S-saturated respectively. Consequently,
at equilibrium the U concentration in the core should be ex-
pected to be smaller than 0.63 ppb.
3.1.3. Situation in the core
Based on their densities, actinide stratification could be
tentatively anticipated together with the elimination of fission
products from a geo-reactor by buoyancy (See Table 2). The
density of uranium in the surrounding of the center of the Earth
may be estimated on the basis of the local pressure and tem-
perature. Fig. 4 gives the plot that was estimated on the basis of
high-pressure equations of state including correlation energy.
The uranium density should be of the order of 36e38 g cm3.
The driving force for separation is dictated by Stoke law
where the actinide phases of size d sink at the velocity v
through the liquid according to their density (r) difference.Fig. 5. Uranium redox reactions at the CMv¼ ½rðUÞ  rðFeÞgðrÞd
2
18h
ð4Þ
with g(r) the local gravity constant and h the viscosity of the
fluid (Fe(l)) with r). It must be noted at this point that in the
proto-Earth period the inner core is not yet crystallized as it is
today.
The U crystal phase sinking through the liquid core may
take place through geologic time (Ma), as found for com-
posite melts (Sasikumar & Kumar 1991) and the core would
enrich with actinide. It must however be remembered
that around the center g(z) turns to nil (see Fig. 3) and that
the location of actinide rich layer would be dictated by
microgravity.
The temperature in the core as given by Buffett (2012) for
the outer core may be extended through today inner core to
describe the situation in the proto-Earth core. It is given in a
first approximation by:
TðrÞ ¼ 6700 7:14$104r ð5Þ
with T (K) the temperature at the radial elevation r (m) in the
core.
At the micron level even if it is evident that stratification
may take place its potential energy driven by gravity must
overpass the dispersion driven in an ideal plasma as m g(r)
r ¼ ½ m v2z k T(r), with m the mass of one uranium loaded
particle and g(r) given by:
gðrÞ ¼ 10:5 r=rðCMBÞ ð6Þ
In a laminar regime (ideal) the stratification would take
place at an elevation dictated by a pseudo-equilibrium between
gravitation and thermal dispersion.B. Note thorium could react similarly.
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by core fluid advection due to planetary activities and tem-
perature differences. The Earth's center temperature is 1000
hotter than previously expected (Anzellini et al., 2013). At
6000 K, kT equals to 8.2x1019 J, or about 5 eV which for
heavy elements induce ionization.
At these very high temperatures ionization is sustained
defining the core material as plasma. The degree of plasma
ionization is relative to the ionization energy and Saha equa-
tion (Zaghloul et al., 2000) may be applied for describing a
system that reacts for US according to:
US/½U2þ2eYþ S[ ð7Þ
and concentrates as U. Even if the occurrence of actinide layer
in the core may be refuted in Schuiling (2006) exercise based
on estimation of apparent depletion, the ‘lithophile’ nature of
uranium being function of redox conditions, is inoperative in
the core conditions as reported by Furst et al. (1982). A similar
behavior may be sketched for thorium.3.2. Reevaluation of the nuclear activities of the geo-
reactorNeutronic calculations have been carried out taking into
account thorium or not in a stratified layer of a hypothetical
geo-reactor. The ERANOS 2.2n core-physics code (Rimpault
et al., 2002; Allen et al., 2011; Riyas et al., 2013) has been
used in this study to evaluate the neutronic features of the geo-
reactor and its evolution over time. ERANOS2.2n is a state-of-
the art core physics code developed at CEA (France) for the
analysis of fast-neutron-spectrum nuclear reactors (Waltar
et al., 2012). It includes a 1968-energy-group nuclear data
library based on the JEFF3.1 database (Sublet et al., 2005).
These nuclear data are used to produce a set of 33-energy-
group collapsed cross-sections which is then used for criti-
cality and isotopic depletion calculations. Criticality calcula-
tions are based on a deterministic multi-group approach to
neutron transport (Lamarsh, 1966) while isotopic depletion is
evaluated through the solution of standard Bateman equations.
A dedicated ERANOS2.2n procedure (Krepel et al., 2009;
Fiorina et al., 2013) has been employed here to take into ac-
count that fission products tend to leave the geo-reactor due to
diffusion and buoyancy in the local gravity field. In particular,
a rate of disappearance of fission products has been included
by adding a removal time constant to the physical decay
constant of each isotope. This gives a disappearance rate of
fission products which is proportional to their concentration,
and which is consistent to a disappearance phenomenology
based on diffusion and buoyancy.
An assumption that has been made in the calculations
performed is that the criticality region is large compared to the
neutron mean free path. This is generally the case for the geo-
reactor, since the neutron mean free path has been calculated
to be of the order of centimeters. Such result implies that the
geo-reactor behaves from a neutronic viewpoint as an infinite
medium, which in turns translates into an independence of itsproperties from size and density. This allows calculations that
are free from uncertainties related to material densities in the
inner layers of the Earth, and to the real geo-reactor size.
3.2.1. First criticality of the geo-reactor
The capability of a nuclear reactor to sustain a fission chain
is generally described using the multiplication factor k, defined
as the ratio between the neutron produced by fission and the
neutrons absorbed. For an infinite reactor, this can be written
as:
k∞ ¼
y
P
fP
c
ð8Þ
where y is the number of neutrons emitted from fission, Sf the
macroscopic effective fission cross-section and Sc the
macroscopic effective capture cross-section (Allen et al.,
2011; Waltar et al., 2012). A reactor is critical when
k∞ ¼ 1, which means that the neutron population is constant
and the chain reaction self-sustaining. A fraction of 6e7%
235U in natural uranium has been calculated to be sufficient for
criticality. In the early stages of the Earth, 4.5 Ga ago, uranium
contained ~25% 235U, leading to k∞ ~ 1.4. This implies that in
the proto-Earth period, an accumulation of U in the core
center, periphery or in other regions of the Earth would have
certainly led to the activation of a fission chain.
The presence of Th would have reduced the multiplication
factor, since 232Th contributes negligibly to fissions while
presenting a very high absorption cross-section (about 3 times
that of 238U). However, it has been calculated that criticality
would have been reached in the proto-Earth period even
considering a homogenous mixture of 35% U e 65% Th (see
Table 1).
If activated, a geo-reactor would have generated power at
an increasing rate till some phenomena would have reduced or
stopped the chain reaction. Uranium consumption and fission
products generation are frequently considered as the mecha-
nism that could have controlled the geo-reactor power e.g.
(Herndon, 1996). However, it is worth mentioning that cal-
culations performed have shown a very small dependency of
the multiplication factor on the rate of disappearance (and thus
on the average content) of fission products. For instance, a
variation of the disappearance time constant from 10 to 100
Ma, corresponding to an average content of fission product in
the geo-reactor 10 times higher, would translate into a multi-
plication factor reduction by only 0.5%. A more plausible
phenomenon that might have been responsible for the limita-
tion of the geo-reactor power is the density reduction, which
would have promoted convective phenomena leading to ura-
nium dilution. Under this assumption, the initial uranium
stratification would have configured as a chaotic process
influenced by the appearance of criticality regions causing
heating and convective motions towards the upper layers of the
Earth.
The neutronic features of a geo-reactor would have been
affected significantly by its actual isotopic composition. Fig. 6
shows the neutron energy spectrum of the geo-reactor in case
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Fig. 6. Neutron energy spectrum of the proto-Earth geo-reactor compared with
a traditional fast reactor spectrum.
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typical nuclear Fast-Reactor is shown. The softer spectrum
observed for a fast reactor is caused by scattering of the
neutrons on the core structural materials (mainly composed by
iron) and on the coolant (typically sodium or lead). A geo-
reactor would have had a spectrum somewhere in between
the two spectra shown in Fig. 6, since it is reasonable to as-
sume that other isotopes (especially Ni, Fe, Si, S) were part of
its actinide isotope mixed body.
3.2.2. Geo-reactor evolution over time
Fig. 7 plots the evolution over time of the 235U fraction in
natural uranium. The horizontal line in the chart indicates a
235U fraction equal to 6e7% that, as mentioned is the mini-
mum enrichment necessary to achieve criticality. Fig. 7 in-
dicates that accumulation of U in the inner layers of the Earth
might have led to an active geo-reactor till only 2.5 Ga ago.
However, the possibility exists that a stable geo-reactor had
already formed by that time. In such case, the possibility
would have existed for the geo-reactor to operate as a Fast
Breeder Reactor (FBR, see e.g. Waltar & Reynolds (1981),
being able to produce the fissile material needed to sustain the
chain reaction via irradiation of 238U. In a standard FBR, the
generated fissile material is mainly 239Pu. It is produced via
neutron capture by 238U and subsequent decay to 239Np and its
further b-decay. For such a process to be effective, the rate of0
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Fig. 7. Evolution over time of the 235U fraction in natural uranium and for a
~1 mW kg1 geo-reactor only composed by uranium.production of 239Pu must clearly be higher than its decay rate.
While this is largely true for FBRs, this is generally not the
case for a geo-reactor. On the other hand, 239Pu decays to
235U, so that neutron capture in 238U represents also for the
geo-reactor a pathway to the regeneration of its fissile material
through the following reaction series:
238Uþ 1n/239U/b þ ne þ 239Np/b þ ne þ 239Pu/235U
þ a f14g
Fig. 6 shows that as an example a ~1 mW kg1 specific
power inside a geo-reactor exclusively composed by U would
guarantee a neutron flux level (of the order of 1011 m2 s1)
sufficient to compensate the 235U decay and fission, thus
leading to a stable 235U fraction above the criticality level.
Fig. 8 shows the isotope evolution in such a geo-reactor, as
well as the criticality level. It can clearly be observed that
239Pu is present in negligible amounts.
Presence of 232Th would increase the specific power
required to maintain the 235U critical fraction since 232Th
would absorb part of the neutrons otherwise absorbed by 238U
without contributing significantly to the generation of fissile
material. In fact, 232Th generates 233U via neutron absorption
and two subsequent b- reactions, but the half-life of 233U (160
ka) is too short to make this isotope significant over the
geological period.
As an example, one can assume that a geo-reactor is started
in the proto-Earth period as pure mixture of U isotopes, which
facilitates the setup of a critical reaction chain, but is then
gradually contaminated by Th. A specific power ~5 mW kg1
is also assumed, which allows for a better breeding compared
to the 1 mW kg1 previously assumed for the case of a geo-
reactor exclusively composed by U. Results are shown in
Fig. 9. It should be noted that as calculated if Th follows U in
the geo-reactor build up with the final fractions reported in
Table 1 it would never be critical.
Fig. 9 shows also the effect of a short half-life on both 239Pu
and 233U, whose concentration is negligible. It also shows the
effect of 235U breeding, whose fraction in uranium stabilizes
after 500 Ma at approximately 8%. In spite this high U
enrichment, the increasing thorium concentration, would0.4
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Fig. 8. Evolution over time of various isotopes for a ~1 mW kg1 geo-reactor
only composed by uranium.
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primordial fraction as long live actinide, 244Pu (see Table 1)
does not play an important role concerning the reactivity of the
geo-reactor over the first Ga. It could however help in the
ignition phase.
Recently, Lin et al. (2015) investigated the neutronic
properties of the geo-reactor by performing rigorous depletion
simulations over geologic time. Their calculations confirmed
that:  the hypothetical nuclear geo-reactor is a fast-spectrum
converter reactor burning only 235U;  the efficiency of fuel
conversion approaches 0.9, and can be sustained for billions of
years based on the cycle of 238U/239Pu/235U, rather than of
238U/239Pu or 232Th/233U; and  under appropriate conditions,
the geo-reactor can operate at a constant power of 3 TW for up
to 6.5 billion years.
These results confirmed our finding earlier presented at the
Thorium Energy Conference ThEC13, published in the
meantime (Degueldre and Fiorina, 2016&2016).
3.2.3. Conditions for the existence of a geo-reactor today
The discussion above demonstrates that an hypothetical
geo-reactor could still be active today provided his specific
power to be of the order of some mW kg1, and his compo-
sition mainly of uranium. As previously mentioned, a possible
geo-reactor today would have a total power below 3 TW.
Assuming a 1 mW kg1 specific power, this would translate
into a mass equal to 3  1015 kg. With a uranium density of
37 g cm3, the volume occupied by the geo-reactor would be
8  1010 m3. Under the assumption that uranium stratified
around a central Fe/Ni sphere of approximately 10 km radius,
the geo-reactor would then occupy a shell of approximately
65 m. These results are comparable with those calculated by
Seifritz (2003): ‘to produce 5 TW the uranium droplet had a
radius of only 2.9 km and a mass of 3.7  1015 kg’.
A second important aspect to consider is that, indepen-
dent of the existence of the geo-reactor today, the uranium
composition till 2.5 Ga ago was favorable for the activation
of criticality regions in the postulated actinide inner layers
of the Earth. The existence of one or more geo-reactors, inthe first half of the Earth life, are supposed to be plausible,
their contribution to today's Earth energy balance might be
significant.
In the first billion of years of the existence of Earth criti-
cality for a droplet of liquid uranium in its center would have
be possible.
3.2.4. Assessing geo-reactor activity today
The antineutrino flux recorded over years at the Kamioka
detector KamLand, the world most sensitive neutrino detector,
has shown flux variations over time. The flux is the sum of two
main components: the geo-antineutrino generated by actinide
decay chains and the reactor generated antineutrino. After
earthquake in Japan part of the reactors are in standby and
generation of reactor anti-neutrino is reduced as after Jul 2007
(see Fig. 10). After the earthquake of March 11, 2011 and the
Fukushima accident all Japanese reactors were shut down
(March 2012). Consequently the neutrino flux recorded at
KamLand was reduced from the Japanese reactor component
and the geo-neutrino component clearly emerged. However it
was observed that a residual reactor component was still
remaining. This may be due to a fraction from other nuclear
power plants such as the Korean or to a lower level the Chi-
nese units or also due to a increment due to the geo-reactor.
This increment is however small limiting the geo-reactor
power at 3 TW. This 3000 GW does not include the contri-
bution from radioactive decay energy of the geo-reactor's
associated uranium (and possibly thorium).
Clearly the neutrino signal drops from maxima of about
10 cm2 d1 before Fukushima accident down to a minimum
of 0.2 cm2 d1 when all Japanese reactors are shut down
(Fig. 10). The residual signal may be due to the Korean re-
actors (at ~800 km) still in operation, the Taiwanese reactors
(at ~1750 km) and any Chinese reactors (at ~1200e2500 km).
In March 2012 the situation of the next neighbour countries
was as follow.
The Korean signal is due to the 23 reactors corresponding
to 22 GW electrical that gives 66 GW thermal. The Chinese
signals are due to the 9 þ 6 reactors corresponding to
6 þ 6 GW electrical that gives 18 þ 18 GW thermal (at
~1200e2500 km respectively). The Taiwan LWR's signal is
due to the 8 reactors corresponding to 8 GW electrical that
gives 24 GW thermal.
A signal due to a geo-reactor at the CMB (at 2500 km)
would be weak since the fissile material would be distributed,
except if the actinide phase would be located directly below
Japan, which would be unlikely. However would it be plau-
sible to find any signal due to a central Earth geo-reactor at
6000 km distance even with 3000 GW thermal output while
similar signals are emitted from the light water reactors in the
surrounding?
The geo-neutrino signal is however significant and could be
used to estimate local concentration of actinides by polar and
radial reconstruction if the signal is combined with another
neutrino detector of similar sensitivity.
Fig. 10. Antineutrino monitoring and spectra analysis from KamLand adapted from Ref. Shimizu et al. (2013) and Gando et al., 2013.
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The discussion is based on the various arguments that have
been used to propose and develop the concept of geo-reactor:
Heat flow shortage, fissile inventory, location and criticality,
fission gas isotope ratios and the quest of any relics.4.1. Energy sources and resources for a steady heat flowThe first argument has been a possible heat flow shortage at
the Earth surface. The analysis of Earth's energy balance may
help to estimate its heat loss during the past geological epochs
as seen in Table 3 (Sorokhtin et al., 2011).
Three global energy processes dominate inside Earth.
 First, the Earth's matter gravity compression and differ-
entiation by density. It results in Earth's stratification into
the high-density iron core, the silicate mantle floating and
cooling, and plate creation.
 Second, the decay of radioactive elements (K, Th, U)
causing energy release in form of heat.
 Third it is the tidal interaction between Earth and the
Moon.
All other endogenous heat sources are either immeasurably
smaller than the three listed above or totally reversible due to
the mass exchange of the mantle convection. For instance, theTable 3
Indicative Earth heat flow at the surface Ref. Sorokhtin et al., 2011). Note the
error on the sum is given by dQtot ¼ ½ðdQpcÞ2 þ ðdQrÞ2 þ ðdQcÞ2 þ ðdQgrÞ21=2.
Process Symbol Heat flow (TW)
Plate creation Qpc 21 ± 1
Radiogenic Qr 18 ± 1
Cooling Qc 05 ± 1
Geo-reactora Qgr 03 ± 1
Total Qtot 47 ± 2
a Assumed in operation.transition energy of mineral associations affected by the
pressure in the ascending and descending convective flows has
opposite signs. These are:
 Energy from core shrinking during solidification
 Energy from rise of lighter crystallizing solids to the CMB
 Heat production by 123Tc, 187Re, 186Os decays
 Cooling of the core (e.g. see Kelvin hypothesis in the
Introduction)
 Latent heat of solidification of the inner core
 Geo-reactor(s)?
The total energy loss of the Earth is constrained by heat flux
measurements on land, the plate cooling model for the oceans,
and the buoyancy flux of hotspots. It amounts to 47 ± 2 TW.
The main sources that balance the total energy loss are the
radioactivity of the Earth's crust and mantle, the secular
cooling of the Earth's mantle, and the energy loss from the
core. The crustal radioactivity is only well constrained. The
uncertainty on each of the other components is larger than the
uncertainty of the total heat loss. A priori the mantle energy
budget cannot be balanced by adding the best estimates of
mantle radioactivity, secular cooling of the mantle, and heat
flux from the core. Neutrino observatories in deep under-
ground mines can detect antineutrinos emitted by the radio-
activity of U and Th (Mareschal et al., 2012).
Heat flow measured at the surface of the Earth by Davies
and Davies (2010) is 0.09 W m2 which is equivalent to
47 ± 2 TW for the planet. According to Vacquier (1998), the
sum could be subdivided as reported in Table 3. Note that the
error on the total heat flow is of the same level as the reactor
power value itself.
Magmatism conveys radioactive isotopes plus latent heat
rapidly upwards while advecting heat, not convection, links
and controls Earth's thermal and chemical evolution. On this
basis, an alternative view of Earth's internal workings was
recently presented (Hofmeister and Criss, 2013). Because
thermodynamic law indicates that primordial heat from grav-
itational segregation is neither large, nor carried downwards,
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formation of the core and lower mantle greatly cooled the
Earth.
With a geo-reactor producing 5 TW, a bit more than 10% of
the total geothermal heat production, the specific heat pro-
duction rate would be 8.8 W m3 or 0.239 W t1 due to the
high uranium density. Using the critical equilibrium ratio for
the breeding of 235U/238U, an average specific heat production
rate of nearly 50 W m3 or 1.35 W t1 have been predicted.
The conversion process through 238U neutron capture, via
the 239Pu survival route and its decay in 235U, would work
satisfactorily to keep the 235U/238U concentration near 10%
and to stabilize criticality up to now in an un-poisoned reactor.
However, the mechanism of the removal of the fission
products and other decay products from the 238U and 235U
decay chains from the reactor remains unclear. Micro-gravity
conditions prevent buoyancy- and convection transport effects;
the efficacy of diffusion is unclear, too.
Unclear is the role ‘on’ and ‘off’ times of the geo-reactor in
connection with the change of sign of the Earth's magnetic
field in relative short time periods every 200’000 years. From
the nuclear point of view it can only be said that ‘off’ times
cannot be too long compared with the life-time of 239Pu, says
Seifritz (2003), because then the conversion process would be
interrupted and the reactor would be subcritical forever.
However, this is 235U which is relevant in the long-term
neutronics. The reserve in reactivity in a cooled and con-
tracted reactor core with the corresponding time scale has to
be determined to clarify this question definitely.
In a geo-reactor only the 238U/239Pu/235U cycle could be
identified as the one and only workhorse. A similar working
principle of the Th-cycle is not possible because, first, the half-
life of 233U is only about 160 ka, too short to survive the time
between a supernova explosion and the formation of a planet
and, second, the daughter product in the 233U -decay (229Th:
7932 a) is not a long lived fissionable nuclide.4.2. Isotopic ratio's as geo-reactor relicsThe assessment of the fission gas ratio may also be dis-
cussed as follows for He and Xe.
The main evidence for the existence of the geo-reactor up
to now has been the basalt-volcanic 3He/4He ratio. The ratio of
3He to 4He within the Earth's crust and mantle is less than that
for assumptions of solar disk composition as obtained from
meteorite and lunar samples, with terrestrial materials gener-
ally containing lower 3He/4He ratios due to in-growth of 4He
from radioactive decay (Reaction {2}). 3He is present within
the mantle, in the ratio of 200e300 parts of 3He to a million
parts of 4He (to be compared with data in Section 2.2). Ratios
of 3He/4He in excess of atmospheric are indicative of a
contribution of 3He from the mantle. However, crustal sources
are dominated by the 4He which is produced by the decay of
radioactive elements in the crust and mantle according to
Reaction {2}. An assessment of the phenomena responsible of
the He ratio is needed to conclude about the use of this
argument to justify geo-reactor occurrence.It is also useful to consider the Xe isotope ratios however
the situation is more complex.
The presence of xenon isotopes from in-situ spontaneous
fission of short-lived 244Pu has been confirmed in zircon
samples from Western Australia (Turner et al., 2007).131Xe/134
Xe and 132Xe/134Xe ratios have been used to calculate the
relative contributions from spontaneous fission of 244Pu and
238U and neutron fission of 235U and hence compare nominal
Pu/U ratios and xenon retention ages. UeXe ages are typically
lower than the PbePb ages, indicating that xenon loss is
common.
The 129Ie129Xe(I) (t1/2 ¼ 15.6 Ma) terrestrial abundance,
even though iodine is a highly volatile element, is not well
known. The parent isotopes, for which the initial (4.567 Ga
ago) abundances are known from investigations of meteorites
and ancient terrestrial zircons, yield the closed-system present-
day ratios of [136Xe(Pu)/136Xe(U)] ¼ 28 and [129Xe(I)/136
Xe(Pu)] ¼ 110, much exceeding values observed in the
depleted heterogeneous mantle reservoir: [136Xe(Pu)/136
Xe(U)] ~ 3 and [129Xe (I)/136Xe(Pu)] ~ 60. Using abundances
of the parent and daughter isotopes within the framework of a
simple one-mantle-reservoir degassing model it may be
concluded that the present day mantle is a severely degassed
reservoir, so that only <103 of the initially available amount
of stable Xe atoms (e.g., 130Xe) has survived 4.567 Ga of
degassing. The degassing rate as a function of time appears to
be the most reliable constraint on mantle convection in the past.
The noble gas geochemistry of different types of terrestrial
diamond yields a wealth of information on the sources of
volatiles responsible for diamond formation (Basu et al.,
2013). Noble gases in diamond record primary signatures
from the mantle indicative of their integrated sources, and, the
contribution of different agents including subducting fluids
and kimberlitic melt sampled during diamond growth. In
addition, they show evidence of secondary processes such as
resorption. Some alluvial diamonds have very high 3He/4He
that may represent the presence of a solar component trapped
during their formation, but are just as likely to be the result of
cosmogenic 3He implantation during their prolonged residence
at the Earth's surface. Some diamonds including the poly-
crystalline carbonados, are dominated by crustal noble gases
with no discernible mantle component evidenced by very low
3He/4He ratio, and very high 131,134,136Xe/132Xe ratios. Thus
noble gas studies have the potential to record major processes
during the complex growth histories of natural diamond and
also to provide valuable information about the sub-continental
mantle.4.3. Monitoring earth nuclear activitiesRecently these issues have been revisited by Usman et al.
(2015) on the basis of KamLAND and Borexino data
collected so far. Mapping layer per layer (spherical tomogra-
phy) the anisotropic antineutrino flux and energy spectrum by
defining the amount and distribution of radioactive power
within Earth was performed for given radial distance, polar
angle (0-p), and azimuthal angle (0-2p). The contribution of
61C. Degueldre, C. Fiorina / Solid Earth Sciences 1 (2016) 49e63geo-antineutrino luminosities in AGM 2015 for 238U, 232Th
and 40K emitted by the Earth rust and mantel are given in
Table 4. The 238U, 232Th and 40K luminosity densities hence
fractions in the crust are larger than in the mantel. This con-
firms a gradient of U concentration: core < mantel < crust and
that a uranium rich zone in the Earth center is not likely to
exist today and should not have been formed in the proto-Earth
period.
This result is showing local concentrations in the crustmainly
and confirming the concentration trend: in the crust, decreasing
to the ppb level in the mantel and to the ppt level in the core.
If the fractions of U and Th are larger in the crust (from e.g.
2 ppm average up to some %0 or more locally) than in the
mantel (15 ppb level for U see Javoy and Kaminski, 2014) or
in the core this suggests also that the helium produced and
emanating from the crust is mostly 4He explaining the larger
fraction of 4He from surface source compared to volcanoes
emanations, refuting Hendron arguments.
Finally, provided that the crustal contribution to the geo-
antineutrino flux can be very precisely calculated, it will be
possible to put robust constraints on mantle radioactivity and
its contribution to the Earth's energy budget.
Based on the arguments discussed above it may be
concluded that the geo-reactor proceeds from the myth rather
than the reality.
5. Conclusions
The hypothesis of a proto-Earth geo-reactor could
contribute to resolving specific questions related to: isotopes
ratios (He, Xe, …), magnetic field translation or Earth heat
flow shortage. However until now, the real question on its
occurrence remained unsolved. On the basis of this review, it
appears that its build-up and subsequent operations are
unlikely.
In igneous rocks, specific noble gas isotope signatures that
could be generated by binary and ternary fissions were iden-
tified in volcano emanations or as soluble/associated species in
crystalline rocks and quantitatively determined as isotopic
ratio or estimated amounts. The presented discussion shows
that these ratios are a priory not linked necessarily to a geo-
reactor activity.
This study revisited the geo-reactor hypothetical conditions
including history, spatial extension and regimes. The discus-
sion based on recent calculations involves investigations on
the limits in term of fissile inventory, size and power, based on
coupling of geochemical reactions and stratification through
the gravitational field considering behavior through the lowerTable 4
Contribution of geoneutrino luminosities for238U,232Th, and40K emitted by the
Earth crust and mantel. Data from Usman et al. (2015).
ve luminosity
1025 s1
238U 232Th 40K Reactors
S U,Th,K
Crust (20 km) 0.21 ± 0.06 0.19 ± 0.06 0.91 ± 0.2 1.3 ± 0.3
Mantel (2000 km) 0.32 ± 0.28 0.14 ± 0.26 1.6 ± 1.4 2.1 ± 1.9
Sum 0.53 ± 0.34 0.33 ± 0.32 2.5 ± 1.6 3.4 ± 2.2mantle, the mantle core boundary and the core. The recon-
struction allows to formulating that from the history point of
view if it would have been possible that the geo-reactor would
have reached criticality in a proto-Earth period as a reactor
triggered by 235-uranium and that thorium in the upper-layer
may have worked as an absorber if their local concentrations
were large enough. Without actinide separation the initiation
of the criticality is not plausible. However did actinide
segregation occur in any Earth layer?
Presently if it has been hypothetically stated that according
to the actinide inventory on the Earth, local potential criticality
of the geo-system, if locally concentrated, may have been
reached, several questions remain such as why, where and
when did any geo-reactor have been operational? Even if the
hypothesis of a geo-reactor operation in the proto-Earth period
would have been plausible, it is unlikely that a geo-reactor is
operating today.
The nuclear contribution to the heat flow would have to be
split into two parts: the first provided by fission (3 TW) and
the second due to radiogenic decay (~18 TW). The antineu-
trino signal deals with both phenomena but can be discrimi-
nated. It reveals however only instantaneous geo-reactor
activities and the actinide radioactive chain decays. Detection
of uranium in the core is needed, it may be done indirectly
thanks its decay using antineutrino tomography. This very
ambitious and difficult task was recently performed with a
spherical reconstruction of the locations of the uranium rich
phases at various depths in our planet, showing local con-
centrations in the crust mainly and confirming the concentra-
tion trend: from ppm up to %0 in the crust, decreasing to the
ppb level in the mantel and to the ppt level in the core. This
assess that uranium was not concentrated in any deep layer by
coupling chemical potential and gravity field effects on the
actinide profile through the Earth.References
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